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Ratcomponents of locomotor circuits, driving such diverse behaviors as swimming in
ﬁsh andwalking inmammals. Recent work has linked the expression of evolutionarily conserved transcription
factors to key features of interneurons in diverse species, raising the possibility that these interneurons are
functionally related. Consequently, the determinants of interneuron subtypes are predicted to share
conserved cis-regulation in vertebrates with very different spinal cords. Here, we establish a link between
cis-regulation and morphology of spinal interneurons that express the Evx1 homeodomain transcription
factor from ﬁsh to mammals. Using comparative genomics, and complementary transgenic approaches, we
have identiﬁed a novel enhancer of evx1, that includes two non-coding elements conserved in vertebrates. We
show that pufferﬁsh evx1 transgenes containing this enhancer direct reporter expression to a subset of spinal
commissural interneurons in zebraﬁsh embryos. Pufferﬁsh, zebraﬁsh and mouse evx1 downstream genomic
enhancers label selectively Evx1+ V0 commissural interneurons in chick and rat embryos. By dissecting the
zebraﬁsh evx1 enhancer, we identify a role for a 25 bp conserved cis-element in V0-speciﬁc gene expression.
Our ﬁndings support the notion that spinal interneurons shared between distantly related vertebrates, have
been maintained in part via the preservation of highly conserved cis-regulatory modules.
© 2008 Elsevier Inc. All rights reserved.Introduction
Despite considerable divergence in the cellular composition
between the spinal cord of ﬁsh, birds and mammals, most vertebrates
share a remarkably similar organization of spinal neurons, including
the arrangement of their somata into discrete dorso-ventral layers
(Rexed, 1952; Brown, 1981) and axon projections into descending,
ascending or commissural pathways (Soffe et al., 1984; Landmesser
and O'Donovan, 1984; Roberts and Alford, 1986; Kjaerulff and Kiehn,
1996; Cowley and Schmidt, 1997; Roberts, 2000; Hanson and
Landmesser, 2003). These morphological similarities are consistent
with the functions that spinal neurons share in coordinating rhythmic
motor behaviors in all vertebrates (Grillner, 1975; Orlovsky et al.,
1999). Thus when ﬁsh swim or mice walk, ventral descending
interneurons provide rhythmic excitatory inputs to motor neurons
that in turn activate peripheral muscles, while commissural inter-l rights reserved.neurons prevent the bilateral activation of motor neurons to ensure
alternating contractions (Roberts, 2000; Kiehn, 2006).
The similarities in morphology and function between interneurons
of distantly related vertebrates reﬂect intrinsic developmental
programs that have been conserved in evolution. Indeed, studies in
chicks and mice have established that conserved homeodomain
proteins label, and in many cases specify, discrete populations of
interneurons or their progenitors along the dorso-ventral (DV) axis of
the neural tube. In the ventral neural tube, transcription factors Evx1,
En1, Chx10, and Sim1 label four primary interneuron subtypes, known
as V0, V1, V2 and V3, respectively (Burrill et al., 1997; Ericson et al.,
1997; Matise and Joyner, 1997; Briscoe et al., 1999; Pierani et al., 1999).
As themolecular signals that pattern progenitors along the DV axis are
evolutionarily conserved (Davis et al., 1991; Corbo et al., 1997; Jessell,
2000; Wilson and Maden, 2005), it is likely that interneurons derived
from these progenitor domains will also express common transcrip-
tion factors in most vertebrates. Despite this likely scenario, the
precise level of correspondence between transcription factor expres-
sion and interneuron morphology across distant vertebrates remains
423M.L. Suster et al. / Developmental Biology 325 (2009) 422–433unknown. Comparative analysis of transcription factor expression in
the spinal cord of many vertebrate species may provide insights into
the evolution of speciﬁc cell types in the vertebrate nervous system
(Belting et al., 1998; Murakami et al., 2005).
Studies in zebraﬁsh, frogs and mice have in fact demonstrated a
link between transcription factor expression and spinal interneuron
morphology and function in distantly related vertebrates (Higashijima
et al., 2004a; Li et al., 2004; Sapir et al., 2004; Gosgnach et al., 2006).
For instance, a bacterial artiﬁcial chromosome (BAC) driving green
ﬂuorescent protein (GFP) from the eng1b locus labeled a single class of
ipsilateral inhibitory ascending interneurons in zebraﬁsh (Higashijima
et al., 2004a), consistent with the morphology and function of similar,
but more heterogeneous, V1 interneurons in chicks andmice (Wenner
et al., 2000; Sapir et al., 2004; Gosgnach et al., 2006). Kimura et al
(2006) showed that vsx2 (alx) marks a ventral subset of descending
excitatory interneurons in zebraﬁsh, consistent with the expected role
of V2 interneurons in mice (Goulding et al., 2002). While interneuron
morphology and function are apparently linked to speciﬁc transcrip-
tion factors, it is less clear if common regulatory mechanisms underlie
interneuron-speciﬁc expression in distant vertebrates. For example,
Gata2 expression in mouse V2 spinal interneurons is driven by a
small intronic enhancer (Zhou et al., 2000), whereas expression in
zebraﬁsh spinal neurons is generated by unrelated cis-elements
upstream of the gata2 promoter (Meng et al., 1997). Similarly,
expression of Hb9 in spinal motor neurons can be generated by one
enhancer in mice and a different one in zebraﬁsh (Lee et al., 2004;
Nakano et al., 2005). Hence, while gene expressionmay be directed by
conserved cis-regulatory elements in spinal neurons, it is also possible
that multiple cis-regulatory codes may have evolved independently in
different vertebrate lineages. Clariﬁcation of the ancestral regulatory
code underlying gene expression in interneurons requires the
functional identiﬁcation of enhancers from multiple vertebrates.
Comparative analysis of such enhancers may unravel potential cis-
elements and factors associated with the evolution of speciﬁc neurons
and circuits.
In this study, we have focused on identifying genomic regulatory
elements that direct cell-type speciﬁc expression of evx1 in the
embryonic spinal cord, in order to establish a link between cis-
regulation and morphology of spinal interneurons from ﬁsh to
mammals. Evx1 is a determinant of spinal V0 commissural inter-
neurons in chicks and mice, and these are derived from Dbx1+ p0
progenitors (Burrill et al.,1997;Moran-Rivard et al., 2001; Pierani et al.,
2001). In zebraﬁsh embryos, evx1 and its paralogue evx2, are both
dynamically expressed in discrete groups of spinal neurons (Thäeron
et al., 2000; Avaron et al., 2003; Sordino et al., 1996). Using a
combination of comparative genomics, transient and stable trans-
genesis and in ovo and in utero electroporation, we identiﬁed a spinal
neuron enhancer of evx1 that consists of both conserved and non-
conserved DNA elements within the proximal downstream region of
the gene. GFP expression driven by this enhancer from pufferﬁsh,
labeled a subset of evx1+ commissural interneurons in zebraﬁsh, and
V0 interneurons in chick and rat embryos. By analyzing the effects of
deletions in the zebraﬁsh evx1 enhancer, we identiﬁed a short
conserved cis-element that restricts V0 gene expression when tested
in the chick neural tube. Our results support the view that distinct
classes of spinal interneurons in diverse vertebrates have been
maintained, at least in part, through conservation of cis-regulation in
key cell fate determinants.
Materials and methods
Comparative genomic sequence analysis
Ensembl (http://www.ensembl.org) v6 genomic sequences were
aligned with Mulan (http://www.dcode.org) using a default window
size of 100 bp and minimum 65% sequence identity. Repetitivesequences were masked in Mulan prior to generating alignments with
ClustalW. Putative transcription factor binding sites were identiﬁed in
Mulan and MatInspector (Genomatix, Germany).
Construction of reporter plasmids for transient expression in zebraﬁsh
A 7 kb ApaI–BamHI evx1 fragment from pufferﬁsh (Takifugu
rubripes) BAC 240-G7 and a 2.1 kb SalI–NotI fragment from pufferﬁsh
cosmid 1-F5 (Geneservice Ltd, UK) were cloned into a modiﬁed
version of the Tol2 transposon vector pT2XIGΔIN (Kawakami et al.,
2004) to create pT2Sevx1:GFP. In pT2Sevx1:GFP, farnesylated GFP is
fused in frame with the second exon of evx1 at a unique SmaI site
(1217 bp from the ATG translation start) and downstream from a 7 kb
promoter, exon 1 and part of exon 2. Next, a 19 kb evx1:GFP minigene
(10 k in Fig. 2A) was constructed by inserting a 10 kb NotI–XhoI
fragment into pT2Sevx1:GFP at the unique NotI site. To test smaller 3′
evx1 fragments we used PCR to amplify them and subcloned them into
the SacII site of pT2Sevx1:GFP. PCR primers are listed in Table S1.
Further details of plasmid construction are available upon request.
Construction of stable transgenic ﬁsh carrying Gal4 andUAS:GFP transgenes
Stable transgenic ﬁsh expressing Gal4 under the control of
pufferﬁsh evx1 regulatory elements were generated by Tol2-mediated
transgenesis (Kawakami et al., 2004). UAS:GFP transgenic ﬁsh have
been recently described (Asakawa et al., 2008). For the Gal4 driver, we
ﬁrst replaced farnesylated GFP in pT2Sevx1:GFP with Gal4FF, a
modiﬁed version of the yeast transcriptional activator Gal4 (Asakawa
et al., 2008) to create pT2Sevx1:Gal4. Then a 4338 bp PmeI–StuI 3′evx1
fragment was cloned into EcoRV-digested pT2Sevx1:Gal4 to create E:
Gal4 (Fig. 2A). E:Gal4 contains in the following order 4.3 kb 3′ and
1.6 kb 5′ evx1 fragments, followed by exon 1 and exon 2 fused in frame
to Gal4FF. After microinjection of plasmid DNA and Tol2 transposase
mRNA, injected ﬁsh were raised and crossed to UAS:GFP homozygous
ﬁsh. Progeny from 15 independent F1 transgene carrriers all shared
identical GFP expression patterns in the central nervous system. One
of these lines carried a single insertion and was used in this study. To
create a ∼65 kb pufferﬁsh evx1:Gal4 BAC transgene (BAC:Gal4 in Fig.
2A), Gal4FF-SV40 pAwas introduced in frame with exon 2 of evx1 into
pufferﬁsh BAC 240-G7Δ45 k (with 45 kb upstream and 11 kb
downstream) by homologous recombination with galK selection
(Warming et al., 2005; Table S1). BAC:Gal4 transgenic ﬁsh were
generated by Tol2-mediated transgenesis (M.L.S. and K.K., manuscript
in preparation). Two lines carrying single insertions of BAC:Gal4 with
essentially identical expression patterns were identiﬁed by crossing
founder ﬁsh to homozygous UAS:GFP ﬁsh. In our experiments, we
used double heterozygous embryos carrying Gal4 and UAS:GFP.
Further details of plasmid construction are available upon request.
Plasmid DNA injection into zebraﬁsh blastomeres
Zebraﬁsh (Danio rerio) embryos were obtained according to
established procedures (Westerﬁeld, 1995) and raised at 28.5 °C and
staged according to hours (hpf) or days (dpf) post-fertilization
(Kimmel et al., 1995). Plasmid DNA (25–100 ng/μl) was dissolved in
0.1 M KCl and 0.1% Fast Green and pressure microinjected into the
cytoplasm of one-cell stage embryos (0.2–0.5 hpf) according to
standard procedures. All animal experiments were performed in
compliance with the guidelines stipulated by the Canadian Council for
Animal Care, McGill University and the IRCM.
Construction of reporter plasmids for expression in chick and rat embryos
For electroporation in rat (Rattus norvegicus) or chick (Gallus
gallus) embryos, we used ptkGFP (Uchikawa et al., 2003) or pTATAGFP
(Lee et al., 2004). Pufferﬁsh and zebraﬁsh 3′ evx1 genomic fragments
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upstream polylinker. A zebraﬁsh 3.4 kb (3.4 k) evx1 fragment was
subcloned from a λ phage clone (kindly provided by Patrick Laurenti).
Deletions in 3.4 k were made by overlap PCR (primers listed in Table
S2). To create a 9 kb mouse (Mus musculus) Evx1 reporter plasmid,
mouse Evx1 genomic fragments were ampliﬁed from BAC clone RPCI-
23-387E9 (Invitrogen, USA) using primers listed in Table S2. In this
plasmid, 3.6 kb upstream and 4.6 kb downstream fragments ﬂank a
fusion of exon 1 and enhanced yellow ﬂuorescent protein (YFP) at a
unique NaeI site (156 bp upstream of the ATG start), followed by the
SV40 pA signal. All genomic clones and PCR products were sequenced
at the McGill University and Genome Quebec Innovation Centre.
Electroporation of chick and rat embryos
Chick embryos (Couvoir Simetin, Canada) were placed in a
humidiﬁed incubator at 39 °C for approximately 2.5 days and staged
according to Hamburger and Hamilton (HH) (Hamburger and
Hamilton, 1951). Plasmid DNA (2–5 μg/μl) was injected along with
0.1% Fast green into the neural tube lumens of HH stage 12–13
embryos. A TSS20 Ovodyne electroporator (Intracell, UK) was used to
deliver the DNA into one side of the neural tube by applying ﬁve
square-wave 50 ms pulses of 30 V each. After 72 h of further
incubation, embryos (HH stage 26–28) were harvested and dissected
free of their yolk.
For electroporation in rat embryos, Sprague–Dawley rats (Harlan,
Canada) were used for whole embryo culture as described previously
(Sturm and Tam, 1993; Trainor and Krumlauf, 2000), with some
modiﬁcations. Following timed matings, E11 or E12 embryos were
dissected from the uterine muscle in DMEM and 10 mM HEPES. Yolk
sacs were opened and left attached to the embryo. A 2–4 μg/μl plasmid
solution containing Fast greenwas injected into the neural tube lumen
and the embryos were electroporated at 30 V, 50 ms, for 5 pulses.
Embryos were transferred to bottles containing 1 ml/embryo of 100%
rat serum (Charles Rivers, Japan) supplemented with 40 mM glucose,
10 mM HEPES and penicillin/streptomycin. The embryos were
cultured in a roller bottle system at 37 °C. E11 embryos were cultured
for 24 h in a 60% O2, 5% CO2, 35% N2 atmosphere. E12 embryos were
cultured for 24 h in a 95% O2, 5% CO2 atmosphere.
In situ hybridization, immunocytochemistry and ﬂuorescence imaging
Full length antisense evx1 (1409 bp) and gfp (720 bp) probes were
obtained using standard protocols. Embryos were processed for in situ
hybridization or dual in situ RNA labeling according to standard
procedures with minor modiﬁcations (Jowett, 2001). Zebraﬁsh
embryos were ﬁxed in 4% paraformaldehyde in PBS for 2 h at room
temperature and processed for immunolabeling as described below.
Chick and rat embryo trunks were ﬁxed in 4% paraformaldehyde in
PBS for 1 h at 4 °C, washed several times with PBS, and cryoprotected
overnight in 30% sucrose/0.1 M PBS. Samples were mounted in OCT
prior to sectioning on a Leica cryostat. Sections (14 μm) were exposed
to primary antibodies overnight at 4 °C and the next day ﬂuorescent
secondary antibodies were added for 1–2 h at room temperature. The
following antibodies were used: rabbit anti-GFP (Molecular Probes,
USA), sheep anti-GFP (Biogenesis, UK), rabbit anti-En1 (α-enhb-1;
Davis et al., 1991), rabbit anti-Chx10 (Ericson et al., 1997), rabbit anti-
Dbx1, anti-Dbx2 and mouse anti-Evx1/2 (Pierani et al., 1999), rabbit
anti-Nkx6.1 (Jorgensen et al., 1999), rabbit anti-Pax2 (Covance), mouse
anti-Hb9 (5C10; Developmental Studies Hybridoma Bank, DSHB),
mouse anti-Lim3 (DSHB), mouse anti-Lim1/2 (4F2-10; DSHB), mouse
anti-Lmx1b (Kania et al., 2000), and guinea pig anti-Isl1/2 (Tanabe et
al., 1998) and rabbit anti-Cleaved Caspase-3 (Cell Signaling Tech-
nology). Sections were covered with the ProLong Gold antifade
reagent (Molecular Probes, USA) prior to imaging. Live ﬂuorescence
images and images of labeled sections were captured on a Zeissdissecting scope equipped with GFP and rhodamine ﬁlters and
AxoVision software, or an upright Leica CTR6000 microscope and
Volocity software (Improvision Ltd, USA). Confocal images were
obtained with a Perkin Elmer Ultraview spinning disc confocal and
Metamorph software. Brightness and contrast were adjusted in Adobe
Photoshop 7.
Electrophoretic mobility shift assays (EMSA)
Nuclear extracts were prepared from dissected tissues or whole
chick embryos according to Yan et al. (1999) withminormodiﬁcations.
EMSAs were carried out using 5′ biotin-labeled oligos (IDT, USA) and
the LightShift Chemiluminescent EMSA kit (Pierce, USA) according to
the manufacturer's instructions.
Results
Identiﬁcation of conserved non-coding elements downstream of Evx1
In vertebrates, Evx1 is composed of three exons and is invariably
linked to the HoxA cluster. HoxA13 is located upstream and 3-
Hydroxyisobutyrate dehydrogenase (hibadh) downstream of Evx1,
and neither of these neighboring genes are expressed in the nervous
system (Bastian and Gruss, 1990; Lehoczky et al., 2004). To map
candidate regulatory elements that direct Evx1 expression to neurons
from ﬁsh to mammals, we compared genomic sequences from 8
distantly related vertebrates to the human EVX1 genomic region (Fig.
1A). This approach has been used to identify conserved non-coding
elements (CNEs) that often play a role in gene regulation (Woolfe et al.,
2005; Gomez-Skarmeta et al., 2006). From this comparison, we
observed that mammals contain more than 100 CNEs in the Evx1
genomic region, and these are dispersed over 200 to 300 kb from Evx1.
In contrast, only two of these CNEs are conserved in ﬁsh and these are
located within 5 kb downstream of evx1 (Fig. 1A). CNE1 is approxi-
mately 100 bp and 81.5% identical between human and pufferﬁsh,
whereas CNE2 is 250 bp and only 69.1% identical. Both elements
contain a number of putative binding sites for transcription factors
(Fig. 1B). Since Evx2, the duplicate of Evx1, is linked to the paralogous
HoxD cluster in vertebrates (Ruddle et al., 1994), we also searched for
CNE1 and CNE2 near Evx2. Interestingly, homologous sequences were
found downstream of Evx2 (Fig. S1) suggesting that these likely arose
prior to duplication of the HoxA/HoxD clusters. After extensive BLAST
searches in genomic databases and sequence alignments, we failed to
ﬁnd additional sequences resembling CNE1 or CNE2 (data not shown).
These observations raise the possibility that expression of Evx1 in
vertebrates is regulated by ancestral cis-regulatory elements down-
stream of Evx1.
A downstream pufferﬁsh evx1 enhancer directs GFP expression to evx1+
spinal commissural interneurons in zebraﬁsh
To identify putative regulatory elements that direct evx1 expression
in the embryonic spinal cord, we constructed a transgene that includes
as much DNA upstream and downstream from evx1 as possible (Fig.
2A). To do this, we chose Takifugu rubripes evx1, because the pufferﬁsh
genome is signiﬁcantly more compact than that of zebraﬁsh and
mammals (Aparicio et al., 2002), and pufferﬁsh reporter transgenes
can be expressed appropriately in zebraﬁsh (Miles et al., 2003). As Evx1
marks almost exclusively commissural interneurons in chicks andmice
(Moran-Rivard et al., 2001), we reasoned that a pufferﬁsh evx1 reporter
transgene would selectively label commissural interneurons in zebra-
ﬁsh embryos.
A plasmid encoding a pufferﬁsh evx1:GFP fusion with 7 kb
upstream and either 10 kb or 5 kb downstream genomic fragments
was injected into the blastomere of single-cell zebraﬁsh embryos,
with similar results (10k and 5035F in Fig. 2A and Fig. S2). Transient
Fig. 1. Alignment of genomic sequences from distantly related vertebrates reveals conserved non-coding elements (CNE) downstream of EVX1. (A) Plot of sequence identity (%) of the
EVX1 genomic region. Genomic sequences of pufferﬁsh (Takifugu rubripes), zebraﬁsh (Danio rerio), frog (Xenopus tropicalis), chicken (Gallus gallus), opossum (Monodelphis domestica),
mouse (Mus musculus), rat (Rattus norvegicus) and chimp (Pan troglodytes) were compared to the human (Homo sapiens) base sequence (not shown). Human EVX1 (chromosome 7) is
ﬂanked by 5′ HOXA13 (7 kb away in pufferﬁsh vs. 45 kb in human) and 3′ HIBADH (15 kb away in pufferﬁsh vs. 290 kb in human). Exons are located below the labels of EVX1 and
HOXA13 (black boxes) and introns are shown are connecting lines. Two conserved elements, CNE1 and CNE2 (red boxes) were detected downstream of EVX1 in all vertebrates. (B)
Alignment of CNE1 and CNE2 (nucleotides 50–244) from pufferﬁsh and those of zebraﬁsh, chicken, rat and mouse. Identical nucleotides are shown as dots and stretches of three or
more identical nucleotides are shaded in black. The length of the sequence is indicated on the right. Putative transcription factor binding sites are indicated above the alignment. A
25 bp highly conserved sequence (25HCS) containing paired homedomain (HD) binding sites is indicated.
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and 5035F:GFP) labeled many interneurons in a narrow region of the
medio-dorsal spinal cord at 28–32 hpf (85% of 480 embryos, 10k and
60% of 293 embryos, 5035F, Figs. 2A and B and Fig. S2). In contrast, a
construct lacking downstream evx1 sequences did not label any
neurons (n=0 of 145 embryos, 7k in Fig. 2A and 7k:GFP in Fig. S2),
indicating that the downstream evx1 sequences which include the
conserved non-coding elements downstream of evx1 direct expres-
sion in spinal interneurons (Fig. 1A). To further locate the minimal
downstream elements required for expression, we tested the activity
of smaller fragments placed downstream of the evx1 promoter. A
2.9 kb fragment which contained CNE1 and CNE2, drove expression in
interneurons (51% of 139 embryos, 2933F in Fig. 2A and 2933F:GFP in
Fig. S2), even in an inverted orientation (78% of 70, 2933R in Fig. 2A),
which is consistent with the canonical deﬁnition of an enhancer
(Banerji et al., 1981). A smaller 1.3 kb fragment (1257R, Fig. 2A) also
drove expression in interneurons, but additionally, motor neurons and
various other cells such as muscle or sensory neurons (“ectopic” in Fig.
2A and data not shown). Fragments containing CNE1 and CNE2 or
either one alone could not drive reliable GFP expression in neurons
(1257R, 250F, 505F 2607F in Fig. 2A). The most proximal 3′end with or
without the CNE1 also did not drive reliable expression in neurons
(1917F and 1702F in Fig. 2A and 1917F:GFP in Fig. S2). These resultsshow that a fragment downstream of evx1 containing CNE1 and CNE2
functions as a spinal interneuron-speciﬁc enhancer in the zebraﬁsh
embryo. However, fragments containing only the CNEs were not
sufﬁcient to direct reliable evx1 expression in spinal interneurons,
suggesting that both conserved and non-conserved cis-elements are
required for evx1 expression.
To examine the types of spinal interneurons labeled by the
pufferﬁsh evx1 reporter, we examined 325 GFP+ neurons in the spinal
cord of 28–32 hpf embryos labeled by injection of 10k:GFP (N=212) or
5035F:GFP (N=113) plasmids. We focused on the rostral spinal cord
because, by this stage, interneurons in rostral segments can be more
easily distinguished by the size of the soma, dorso-ventral position
and axon projection (Bernhardt et al., 1990; Kuwada et al., 1990). In
particular, three types of commissural interneurons with ascending,
bifurcating or descending axons are present, as well as two types of
ipsilateral descending and ascending interneurons. We observed that
∼90% of the GFP+ spinal neurons (n=288 of 325) were commissural
since they extended an axon across the midline after reaching the
ventral spinal cord (Figs. 2G–I, K). These commissural neurons could
be grouped into one of three classes based on the position of the soma
and axonal projection (Figs. 2G–I). Most GFP+ neurons had a soma
located close to the dorsal edge of the spinal cord (Fig. 2G), and their
axons projected rostrally across 3–5 segments (class I, N=174 of 325).
Fig. 2. The pufferﬁsh evx1 genomic region contains a downstream enhancer that labels evx1+ spinal commissural interneurons in zebraﬁsh embryos. (A) Pufferﬁsh evx1 locus and
reporter constructs. Left, schematic of pufferﬁsh evx1 reporter constructs. Black boxes represent exons. Translation start and orientation is indicated by arrows. For transient
expression, farnesylated GFP and polyA (not shown) was fused in frame with exon 2 of evx1 (excluding homeodomain). 7 k contains the upstream promoter and lacks 3′ sequences
(−3′). 10 k contains a 10 kb downstream fragment (+3′) and others PCR fragments (size given in bp) downstream of GFP. Orientation is given as F (forward) or R (reverse). Restriction
sites used were A (ApaI), N (NotI), S (SmaI) and X (XhoI). For stable transgenes, Gal4 was fused in framewith pufferﬁsh evx1 using a ∼65 kb BAC and plasmid constructs (see Materials
andmethods). Right, observed frequencies of transient labeling in 28–32 hpf embryos. n, GFP+ embryos, and %, proportionwith GFP+ interneurons. Frequent labeling of non-neuronal
cells is noted under “ectopic”. (B–F) GFP-labeled interneurons (32 hpf) at rostral spinal cord levels with pufferﬁsh evx1 constructs. B, C, E are lateral views and D, F are dorsal views.
∼2.5 segments are shown in each image. The limits of the spinal cord are indicated in B, C, E and themidline in D, F by dashed lines. Dorsal is up and rostral is to the left. Most neurons
extend an axon (arrowhead in B, C) ventrally before crossing to the opposite side (out of focus). Scale bar: 35 μm. (G, H, I) Single-cell morphology of spinal interneurons labeled by 10k:
GFP and 5035F:GFP constructs. (G) Class I (174 cells), commissural interneuron with large dorsal soma. Axon extends ventrally, crosses and then ascends dorsally 2–5 segments
(arrow). (H) Class II (74 cells), commissural interneuronwith medial soma whose axon extends ventrally before crossing and bifurcating (arrows). (I) Class III (40 cells), commissural
interneuron with medial soma and a descending axon (arrow). (J) Dual ISH of evx1 (magenta) and gfp (green) mRNA in the spinal cord of stable transgenic BAC:Gal4; UAS:GFP
embryos (ﬂuorescent ISH, top panel and chromogenic ISH, bottom panel). Asterisks mark gfp+ cells that do not co-express evx1 and arrowheads mark cells labeled by evx1. In the
bottom panel, a white arrowhead marks a cell that expresses only evx1. (K) Quantitation of axonal morphology of GFP+ spinal neurons labeled by 10k:GFP (10 k) and 5035F:GFP
(5035F) in transient assays (shown in B). GFP+ cells were grouped as commissural, ipsilateral or peripheral based on the axonal projection. The total number of GFP+ cells is indicated
above the bars. (L) Quantitation of axonal morphology and evx1 mRNA co-expression of spinal neurons labeled in BAC:Gal4; UAS:GFP and E:Gal4; UAS:GFP double transgenic
embryos. Percentage (%) of GFP+ spinal neurons with commissural axons and gfp+ cells double labeled by evx1mRNA are plotted. The total number of cells is indicated above the bars.
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neurons (CoSA) previously described in zebraﬁsh (Kuwada et al., 1990;
Hale et al., 2001). A second group (Fig. 2H) consisted of neurons with a
small soma in themedial neural tube that projected an axon across the
midline before bifurcating (class II, N=74 of 325). Neurons in this
group are most likely commissural bifurcating (CoB) neurons becausethey are the only type with a bifurcating axon at this stage (Bernhardt
et al., 1990; Kuwada et al., 1990; Higashijima et al., 2004b). Third, we
observed neurons with a commissural descending axon (Fig. 2I)
whose soma was located in the most anterior spinal cord (class III,
N=40 of 325). These resemble previously described commissural
descending interneurons (Hale et al., 2001), although further studies
427M.L. Suster et al. / Developmental Biology 325 (2009) 422–433are necessary to characterize them. In contrast, few neurons with
ipsilateral or peripheral axons were labeled in these embryos (Fig. 2K).
These results indicate that the evx1 regulatory sequences primarily
label a heterogeneous population of commissural interneurons in
zebraﬁsh embryos.
To determine whether the spinal neurons labeled by the pufferﬁsh
evx1 reporter indeed expressed zebraﬁsh evx1, we used dual in situ
hybridization. To circumvent the mosaicism associated with transient
gene expression (Westerﬁeld et al., 1992) we established stable
transgenic lines. We ﬁrst made stable transgenic ﬁsh expressing
farnesylated GFP from the pufferﬁsh enhancer, but these ﬁsh showed
virtually undetectable ﬂuorescence (data not shown). Therefore, we
used the binary Gal4/UAS system to amplify GFP expression (Asakawa
et al., 2008). We generated transgenic ﬁsh carrying single insertions
of two different Gal4 constructs. In one construct, the 5 kb down-
stream evx1 enhancer drives the transcriptional activator Gal4FF
(Asakawa et al., 2008) from a minimal pufferﬁsh evx1 promoter (E:
Gal4 in Fig. 2A). In the other, Gal4 is driven by 45 kb upstream
including most of the hoxAa cluster, and 10 kb downstream sequences
(BAC:Gal4 in Fig. 2A). We reasoned that the BAC transgene would
ensure better coverage of the evx1 regulatory elements and thus
complement the expression data obtained from the shorter 3′ evx1
construct. Gal4 transgenic ﬁsh were crossed to homozygous UAS:GFP
reporter ﬁsh that carry GFP downstream from 5 copies of the Gal4
target UAS sequence (Asakawa et al., 2008).
E:Gal4; UAS:GFP and BAC:Gal4; UAS:GFP double transgenic
embryos (32–36 hpf) expressed GFP in medial and dorsal spinal
neurons with a distribution that was very similar to those labeled by
transient GFP expression (Figs. 2B, C and E). ∼90% of the GFP+ spinal
neurons were commissural since they extended an axon across the
midline (91% of 387 cells, E:Gal4 and 90.2% of 435 cells, BAC:Gal4, Figs.
2D, F and L). To determinewhether GFP+ neurons co-expressed evx1 in
transgenic embryos, we performed dual in situ visualization of gfp and
evx1 mRNAs. On average, 75% of gfp+ cells (N=400 cells) in BAC:Gal4;
UAS:GFP and 63% in E:Gal4; UAS:GFP embryos (N=661 cells) co-
expressed evx1 mRNA at 32–34 hpf (Figs. 2J and L). ∼77% and 74% of
the evx1+ cells were gfp+ in BAC:Gal4; UAS:GFP and E:Gal4; UAS:GFP
transgenic embryos, respectively. We conclude that the largest
proportion of GFP+ spinal neurons labeled in the double transgenic
embryos are evx1+. The absence of evx1 signal in some GFP+ neurons is
not surprising given that gfp expression may be delayed by Gal4–UAS
induction (see Discussion). Given that the majority (N70%) of GFP+
neurons are commissural and evx1+ (Figs. 2K and L), we conclude that
the pufferﬁsh evx1 enhancer labels a population of evx1+ spinal
commissural interneurons in the zebraﬁsh embryo.
The pufferﬁsh evx1 enhancer directs GFP expression to V0 interneurons
in chick and rat embryos
Having deﬁned an evx1 enhancer in zebraﬁsh, we asked whether
this enhancer could also label commissural V0 interneurons in birds
andmammals. We linked a 5 kb pufferﬁsh evx1 downstream fragment
containing CNE1 and CNE2 to a minimal thymidine kinase (tk)
promoter driving GFP (Fig. 3A; Uchikawa et al., 2003) and introduced
it into the neural tube of chick or rat embryos by electroporation. In
the absence of any enhancer sequences, the tkGFP reporter plasmid
drives ubiquitous low-level background expression in the chick neural
tube (Uchikawa et al., 2003). Upon electroporation of the pufferﬁsh
evx1 construct, GFP expression was localized to a very discrete
domain of the ventral spinal cord in both chick and rat embryos (Figs.
3B, C and D), and this was consistent at all rostro-caudal levels
examined (n=25 embryos for chick; n=2 for rat). In the electroporated
rat embryos (E12 and E13), virtually all GFP+ cells co-expressed Evx1/
Evx2 (Figs. 3B and C; 46 of 47 cells, 9 sections), although the embryos
were generally too young or the GFP levels were insufﬁcient to trace
their axons. In the electroporated chick embryos, most GFP+ cells hadbrightly labeled axons that projected ventrally towards the ﬂoor plate
before crossing the midline (Fig. 3D). However, we did observe a
number of non-commissural neurons labeled as well so we decided to
thoroughly examine the identity of the GFP+ cells in transverse
sections (Fig. 3E). We found that most GFP+ cells (82.8%) were Lim1/
Lim2+ (Figs. 3F and N) suggesting that they were mostly interneurons.
On average 68.6% of the GFP+ cells were Evx1/Evx2+ consistent with a
V0 identity (range 60–92%, N=573, Figs. 3G and N). However, on
average 19% of the GFP+ cells were labeled by Lim3, a marker for V2
interneurons (Figs. 3H and N). GFP expression was largely undetected
in other interneurons such as En1+ V1, Pax2+, dorsal dI5 Isl1/2+ or
motor neurons (Figs. 3J and N). GFP+ cells were not labeled by
progenitor markers Pax6 (Figs. 3K and N), Dbx1 (Figs. 3L, N) or Nkx2.2
(Figs. 3M and N), except for a few cells that co-expressed Dbx1 (Fig.
3L), consistent with a previous report that Dbx1 expression persists in
some V0 neurons (Pierani et al., 2001). These data indicate that the
pufferﬁsh evx1 enhancer preferentially labels V0 commissural inter-
neurons in chick and rat embryos.
Zebraﬁsh and mouse Evx1 downstream fragments also direct GFP
expression to chick Evx1+ V0 interneurons
The fact that the pufferﬁsh evx1 enhancer functions in zebraﬁsh,
chick and rat suggests that cis-regulatory elements common to these
vertebrates mediate Evx1 expression in spinal neurons. However, it is
possible that alternative enhancers direct common gene expression to
V0 interneurons in different species (Takahashi et al., 1999). To address
this possibility, we obtained Evx1 genomic fragments, including
downstream sequences, from zebraﬁsh and mice. Like the 5 kb
pufferﬁsh evx1 fragment (Fig. 4A), we found that a 3.4 kb zebraﬁsh
downstream fragment that included CNE1 and CNE2 (Fig. 4A) was also
capable of directing speciﬁc GFP expression in the chick neural tube
(Figs. 4C and F). Intriguingly, the zebraﬁsh enhancer was more tightly
restricted to Evx1/Evx2+ V0 interneurons than the pufferﬁsh enhancer
(80.8% of 199 GFP+ cells were Evx1/Evx2+ compared to 68.6% of 573
cells for pufferﬁsh; Figs. 4B and E). Similarly, a mouse transgene in
which YFP (a yellow variant of GFP) was driven by a minimal 3.6 kb
Evx1 promoter followed by a 4.6 kb downstream genomic fragment
(Fig. 4A) also directed speciﬁc reporter expression to V0 interneurons
(Figs. 4D and G) albeit to fewer cells compared to the pufferﬁsh
construct (16±0.7 cells vs. 41.1±1.8 cells per section, respectively).
However, the expression of the mouse Evx1::YFP transgene appeared
similar to that of the pufferﬁsh and zebraﬁsh enhancer constructs
(73.7% of 80 GFP+ cells were Evx1/Evx2+ compared to 68.6% and 80.8%,
respectively, Figs. 4D and G). Together with the analysis of pufferﬁsh
transgenes, these results indicate that a downstream commissural
neuron Evx1 enhancer is indeed conserved from ﬁsh to mammals.
Functional dissection of the evx1 enhancer reveals repressive
cis-elements in CNE2
To gain insights into the cis-elements that regulate evx1 expression
in the neural tube we generated deletions and mutations within the
zebraﬁsh evx1 3′ region (3.4 kb) and examined their effects on
reporter GFP expression in the chick neural tube.We initially observed
that a 1.3 kb pufferﬁsh evx1 fragment comprised of CNE1, CNE2 and
the intervening sequence, can direct GFP expression to interneurons,
suggesting that key elements for V0 expression are located within this
fragment (data not shown). Therefore, to narrow down the location of
these elements, we made deletions in the zebraﬁsh 3.4 kb (3.4 k)
enhancer (Fig. 5A) because it generates more restricted expression
than the pufferﬁsh one in the chick neural tube (Figs. 4B and C). 3.4 k
drives similar expression behindminimal tk or TATA-box promoters at
both rostral and caudal levels of the spinal cord (Figs. 5B, C and D).
Unlike the tk promoter, the TATA promoter does not drive any
detectable GFP expression on its own in the chick embryo (Lee et al.,
Fig. 3. The pufferﬁsh evx1 enhancer labels primarily V0 spinal interneurons in the rat and chick neural tube. (A) A ∼5 kb SacII–StuI pufferﬁsh evx1 downstream fragment (similar to
5035F in Fig. 2A) was placed upstream of a thymidine kinase (tk) promoter GFP cassette (an intron separates the GFP) and electroporated into the neural tube of rat and chick
embryos. Arrow indicates transcription start and pA is the SV40 polyA termination signal. Sections from electroporated embryos double labeled with antibodies to GFP (green signal)
and progenitor or neuronal nuclear markers (magenta) as indicated. (B,C) E12 and E13 rat embryo sections showed GFP in a small cluster of cells (5.2±0.8 cells per section, 9 sections)
located medially, and these co-expressed Evx1/Evx2 (magniﬁed in inset). The outline of the spinal cord is drawn as dashed lines. Scale bar: 180 μm. (D) Section of chick embryo (HH
stage 28) also shows GFP labeling in a ventral cluster of neurons whose axons project towards the ﬂoor plate (fp) before crossing the midline 9 (arrow). GFP co-localizes with Evx1/
Evx2 (white signal). Scale bar: 110 μm. (E) Schematic drawing of the ventral quarter of the chick spinal cord analyzed by confocal microscopy in F–N. Interneurons were labeled by
Lim1/Lim2 (F), Evx1/2 (G), Lim3 (H), En1 (I). Dorsal dI5 and dI6 neurons were also labeled by Isl1/Isl2 and Lmx1b respectively (not shown, but quantiﬁed in N). Motor neurons were
labeled by Isl1/2 (J), and most progenitors by Pax6 (K), p0 progenitors by Dbx1 (L) and p3 progenitors by Nkx2.2 (M). Medial (m) and lateral (l) is indicated in F, and the edge of the
ventricular zone marked by dashed lines in K, L andM. Scale bar: 30 μm. (N) Proportion of GFP+ cells (%) that were co-labeled by each interneuron, motoneuron or progenitor marker.
For each marker the number of GFP+ cells analyzed is indicated above the bars (5–14 sections per marker).
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Fig. 4. Zebraﬁsh and mouse Evx1 downstream fragments direct gene expression to chick V0 interneurons. (A) Schematic of the Evx1 genomic region and the fragments used to
generate the constructs for electroporation in the chick. A 3.4 kb zebraﬁsh fragment including the last 89 bp of exon 3, 3′ UTR and CNE1 and CNE2 was placed upstream of the tkGFP
cassette. The mouse reporter construct consists of 3.6 kb upstream and 4.6 kb downstream. YFP was fused in frame to exon 1 (+156 from ATG start) in the latter. St, StuI, B, BamHI, Na,
NaeI and A, ApaI. (B–G) Representative sections from electroporated embryos. Pufferﬁsh (B), zebraﬁsh (C) and mouse (D) constructs show a highly similar pattern of GFP or YFP
expression localized to a cluster of commissural interneurons (arrowheads) whose axons can be seen crossing to the opposite side of the cord (arrows). The outline of the spinal cord
is drawn as dashed lines. Scale bar: 110 μm. (E,F,G) Magniﬁed views of GFP+ cells double labeled with Evx1/Evx2 antibodies. Medial (m) and lateral (l) orientation is indicated by the
double arrow and is the same for F and G. Percentage of GFP+ cells that co-expressed Evx1/Evx2 on average is indicated at the bottom left corner of each panel (see text for details). At
least 6 embryos were examined for each construct.
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effect on the pattern of GFP expression in the chick neural tube (Fig.
5E). In contrast, complete deletion of CNE2 and proximal sequences
(Δ400) virtually abolished V0-speciﬁc expression (Fig. 5F). This
suggests that CNE2 contains elements that are essential for expression
in chick V0 neurons. A deletion that spans the ﬁrst 112 bp of CNE2
(Δ112) resulted in widespread GFP expression throughout the neural
tube (Fig. 5G) and so did a deletion of a highly conserved 25 bp
sequence (25HCS in Fig. 1B; Δ25 in Figs. 5A and H), suggesting that
repressive cis-elements are located in these sequences. Deletion of
two putative homeodomain binding sites (TAAT) within 25HCS also
caused ectopic expression of GFP (Fig. 5I). In contrast, mutation of a
putative Tead2 binding site (Milewski et al., 2004) located between
the paired homeodomain sites did not cause widespread expression
(Fig. 5J). Embryos electroporated with the CNE2 deletion constructs
(Δ112, Δ25) displayed strong ectopic expression in peripheral motor
axons, conﬁrming the importance of the CNE2 elements for appro-
priate enhancer regulation (Fig. S3).
Spinal cord nuclear proteins bind homeodomain sites in CNE2
To explore whether homeodomain proteins might regulate evx1
expression through 25HCS in CNE2, we examined the binding of
nuclear proteins from the isolated chick spinal cord to a 40 bp oligospanning 25HCS (40HCS in Fig. 6A). Nuclear extracts from E4–E10
spinal cord or brain formed speciﬁc complexes with the oligo (Fig. 6B),
as long as two conserved homeodomain sites were included, whereas
extracts from heart or early E3 stage neural tube did not (Fig. 6C and
data not shown). Interestingly, mutation of the two homeodomain
sites in the oligo completely abolished the formation of the DNA–
protein complexes (Fig. 6B), whereas mutations of a conserved Tead2
site did not (data not shown). These results are consistent with the
notion that nuclear extract from chicken embryonic spinal cord or
brain contains proteins that bind to the conserved ATTA sequences
within the 25HCS, which is a known typical target sequence of
homeodomain proteins. Together with our in vivo analysis of the 3′
evx1 region in zebraﬁsh (Fig. 2) and chick (Fig. 5), our biochemical
data help deﬁne candidate cis-elements and transcription factors that
may contribute to the cell-type speciﬁc expression of evx1 in the
spinal cord of distant vertebrates.
Discussion
In this study, we used a comparative genomic approach to show
that the V0 commissural interneurons of chicks and mice can be
linked to a subset of evx1+ commissural interneurons in ﬁsh through
common cis-regulatory elements. We have uniquely combined
comparative genomics, pufferﬁsh transgenes, and electroporation in
Fig. 5. Deletion analysis of the zebraﬁsh evx1 enhancer in the chick neural tube. (A) Schematic of deletions andmutations in the zebraﬁsh 3.4 kb (3.4 k) downstream fragment driving
GFP with a minimal tk promoter in the chick. Deletions Δ200 (NheI/PacI, deletes CNE1), Δ400 (KpnI, deletes CNE2), were generated by digestion and religation. Δ112 (deletes CNE2),
Δ25 (deletes 25HCS) and ΔTAAT (deletes HD in 25HCS) were made by PCR deletion mutagenesis (Table S2). In mTead, a putative Tead2 site was mutated (TGAATG to ATTCCG).
Sections of electroporated embryos were double labeled with antibodies to GFP and Evx1/Evx2. (B,C) Control sections at thoracic and brachial spinal cord levels. The outline of the
spinal cord is drawn as dashed lines. Scale bar: 100 μm. (D) 3.4 kb::tataGFP (with TATA promoter instead) generates an almost identical pattern as with control tk reporter. (E) Δ200
retains V0 labeling and similar speciﬁcity to controls. (F) Δ400 eliminates V0-speciﬁc labeling but shows low-level background expression. (G) Δ112 retains V0 labeling but shows
also widespread expression in the neural tube. (H, I) Δ25 and ΔTAAT also generate widespread GFP expression. (J) Mutation of the putative Tead2 (mTead) site does not alter the
pattern of GFP expression. Sections are representative from analysis of 5–9 embryos from each construct.
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Our comparative genomic approach provides an effective avenue to
identify novel spinal interneuron-speciﬁc enhancers, most of which
remain unidentiﬁed. Our data support the notion that distinct
transcription factors are expressed in morphologically similar classes
of interneurons in many vertebrates (Wenner et al., 2000; Higashijima
et al., 2004a; Gosgnach et al., 2006), and emphasize the importance of
repressive cis-elements in neuron-speciﬁc gene regulation within the
neural tube.Evx1 labels commissural interneurons from ﬁsh to mammals
Previous work in zebraﬁsh identiﬁed a single type of eng1b-
expressing ipsilateral ascending interneuron (Higashijima et al.,
2004a) and a class of vsx2-expressing ipsilateral descending inter-
neurons (Kimura et al., 2006). In contrast to these ipsilateral
interneurons, our transgenic labeling indicate that as in mammals
(Moran-Rivard et al., 2001), evx1 likely labels a subpopulation of spinal
commissural interneurons in zebraﬁsh (Fig. 2). The commissural
Fig. 6. Interaction between nuclear proteins from the chick embryonic spinal cord and
the conserved 25 bp element (25HCS) in CNE2 of the Evx1 enhancer. (A) The chicken
(G. gallus) Evx1 sequence (chromosome 2) was used to synthesize biotin-end labeled
wild type or mutant oligos for non-radioactive EMSA. Alignment of the 40 bp oligo
(40HCS) from chicken with other species. Conserved homeodomain sites are shaded in
black and Tead2 site is underlined. Mutated nucleotides are shaded in red. (B) Nuclear
extracts from the isolated embryonic spinal cord (day 10) formed protein–DNA
complexes (4 arrows, bound label) with wild type 40HCS (lane 3) but not with mutant
mTAAT (lane 4) or Δ25HCS (not shown). Lane 1 is oligo alone (free) and lane 2 is
extract alone (-oligo). (C) Protein–DNA complexes form between wild type 40HCS and
nuclear extracts from embryonic spinal cord (lane 6) and brain (lane 8) but not heart
(lane 9). 100× excess wild type 40HCS unlabeled oligo competed out these complexes
(lane 7). Lane 5 is oligo alone (free).
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were CoSA and CoB neurons consistent with the morphology of V0
interneurons in chicks andmice (Burrill et al.,1997;Moran-Rivard et al.,
2001; Lanuza et al., 2004). However, our study does not rule out evx1
expression in a small number of non-commissural neurons, nor does it
resolve precisely the identity of all evx1+ subtypes in zebraﬁsh. The
partial overlap of gfp and evx1 transcripts in double transgenic BAC:
Gal4; UAS:GFP and E:Gal4; UAS:GFP embryos (Figs. 2J and L), could be
due to several reasons, including delay in Gal4–UAS dependent gfp
transcription, longer stability of gfpmRNA or GFP protein compared to
endogenous evx1 mRNA or differences in cis-regulation between
pufferﬁsh and zebraﬁsh. In any event, our data strongly support the
notion that evx1 marks commissural interneurons sharing a similar
origin in the medial neural tube of distantly related vertebrates.
Hence neural determinants such as Evx1 and dorso-ventral patterning
signals have been widely conserved in evolution (Ferrier et al., 2001;
Avaron et al., 2003).
Evolutionary origin of evx1 cis-regulation in spinal V0 interneurons
Our study revealed two highly conserved non-coding elements
downstream of evx1 (Fig. 1B), and these are also found downstream
of the paralogue evx2 locus (Fig. S1). This is consistent with the
shared expression of Evx1 and Evx2 in V0 interneurons in mice. Since
evx1/evx2 genes were likely derived from an ancient duplication in
the gnathostoma ancestry (Amores et al., 1998; Minguillon and
Garcia-Fernandez, 2003), conserved elements downstream of evx1and evx2 likely predate the whole-genome duplication in teleosts
(Aparicio et al., 2002; Jaillon et al., 2004). Although many studies have
detected these elements in genomic alignments (Chiu et al., 2002;
Santini et al., 2003; Lehoczky et al., 2004; Sabarinadh et al., 2004), no
function was ascribed to them before. Our data shows for the ﬁrst
time that they form part of an enhancer in the 3′ region of evx1 (Figs.
2–4). While this 3′ region is sufﬁcient for evx1 expression in spinal
interneurons, our study does not rule out that additional enhancers
lacking sequence similarity might also be present in the evx1
genomic region (Fisher et al., 2006). Also, we note that for technical
reasons, we used different reporter constructs and tested slightly
different deletions in the 3′ evx1 fragments of pufferﬁsh and zebraﬁsh
(Figs. 2 and 5), so our experiments do not deﬁne the precise
boundaries of cis-elements common to both species. The evx1
regulatory elements we identiﬁed resemble those of Pax3 (Milewski
et al., 2004) and Hb9 (Lee et al., 2004), which consist of multiple
blocks of evolutionarily conserved sequences separated by non-
conserved ones. Despite these superﬁcial similarities, we failed to ﬁnd
obvious homology between the 3′ evx1 region and any published
enhancers, including the V2-speciﬁc intronic enhancer of the Gata2
locus (Zhou et al., 2000). Compared to the size of other spinal neuron
enhancers (190 bp for Gata2 and 610 bp for Pax3), the minimal evx1
regulatory region is rather large (1.3 kb), as it requires both conserved
and non-conserved sequences. In addition, we did not detect multiple
conserved binding sites for bHLH proteins or neurogenins, both of
which are implicated in activating Hb9 expression in postmitotic
neurons (Lee and Pfaff, 2003; Lee et al., 2004), suggesting that a
different set of molecules activate evx1 in V0 interneurons.
Evolutionarily conserved role of repression in restricting gene expression
within the neural tube
The conservation of the evx1 enhancer in distantly related
vertebrates raises an interesting question: how has gene expression
been maintained in a similar group of neurons from ﬁsh to mammals?
What we found in this study, consistent with previous work on spinal
progenitors (Muhr et al., 2001) andmotor neurons (Lee et al., 2004), is
that repression appears to play a key role in maintaining interneuron-
restricted gene expression (Fig. 5). Such repression must be indepen-
dent of general activating factors interacting with the promoter, since
the evx1 enhancer can generate V0-speciﬁc GFP expression from two
different minimal promoters (Fig. 5). Through deletion analysis, we
found that putative homeodomain binding sites in the ﬁsh CNE2 were
required for repression of non-V0 expression in chick (Fig. 5). Nuclear
proteins from the chick neural tube bound a CNE2 oligo at these sites
in vitro (Figs. 6B and C). Evidently, there are many candidate
homeodomain factors that could regulate the enhancer through
these sites (discussed below).
Our ﬁndings from the deletion analysis are consistent with the
current model of gene regulation in the spinal cord. According to this
model, based on the analysis of motor neuron-speciﬁc Hb9 expression,
restricted gene expression in the neural tube is achieved via selective
derepression of transcription in narrow domains of the dorso-ventral
neuraxis (Muhr et al., 2001; Lee and Pfaff, 2001). The widespread
expressionwe see upon deletions in the V0 enhancer (Figs. 5J, K and L)
are consistent with the loss of repression, and is reminiscent of
speciﬁc deletions in the Hb9 enhancer (Lee et al., 2004). Similarly,
species-speciﬁc differences of evx1 enhancer activity from different
vertebrates (Fig. 4) could result in part from a different composition or
arrangement of repressive cis-elements within the V0 enhancer. Our
observations support a model whereby multiple repressor proteins
such as Irx3 and Nkx6, acting in distinct domains of the DV axis,
silence the evx1 enhancer in every domain, except for the V0 domain,
by displacing general transcriptional activators (Lee and Pfaff, 2001;
Lee et al., 2004). We speculate that subtle differences in evx1
expression between distant ﬁsh (pufferﬁsh vs. zebraﬁsh), or between
432 M.L. Suster et al. / Developmental Biology 325 (2009) 422–433chick and mice might have arisen, at least in part, via changes in the
distribution of repressors along the DV axis. Testing this hypothesis,
however, will require the biochemical identiﬁcation of direct
regulators of evx1 through protein–DNA interaction or proteomic
screens. Future studies are needed to clarify the exact mechanism by
which evx1 expression is restricted to V0 interneurons.
In summary, our results support the notion that conserved
regulatory elements mediate gene expression in the spinal cord and
highlight the importance of repression. The comparative genomic
approach we used here, in combination with compact pufferﬁsh
transgenes, should ease the systematic identiﬁcation of other
conserved interneuron-speciﬁc enhancers. Functional identiﬁcation
of suchenhancers is aﬁrst key step to address themolecular basis of cis-
regulation in the vertebrate nervous system. Lastly, by using conserved
enhancers it may possible to drive expression of neurotoxins or
channels in molecularly homologous interneurons of very distant
vertebrates, like zebraﬁsh (Lewis and Eisen, 2003) and mice (Kiehn,
2006), thus allowing a comparison of their speciﬁc contribution to
functional neural circuits during vertebrate evolution.
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